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Nanoparticulate zinc oxide can be prepared at low temperatures from solution processable zinc
acetylacetonate. The use of this material as a cathode interfacial layer in nanoparticulate organic
photovoltaic devices results in comparable performances to those based on reactive calcium layers.
Importantly, the enhanced degradation stability and full solution processability make zinc oxide a
more desirable material for the fabrication of large area printed devices.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4863216]
The morphology of the blended components plays a key
role in determining the device performance in organic solar
cells.1–3 Moreover, the use of non-toxic solvents is essential
for commercial production to ensure environmental and
occupational health and safety compliance.4,5 Aqueous nano-
particulate (NP) dispersions of polymer and fullerene
materials fulfil both of these requirements.6,7 However, if
nanoparticulate dispersions are to become more readily
adopted for active layer production, they will need to pre-
serve device performance stability whilst maintaining suit-
ability for large area coating techniques such as reel-to-reel
printing. Nanoparticulate device performance is improved by
the addition of a thin calcium layer between the active layer
and aluminium cathode,8,9 consistent with the improvement
that occurs in standard bulk heterojunction (BHJ) devi-
ces.10,11 However, the use of Ca layers with water-dispersed
NPs in printed devices is problematic, since the instability of
Ca to retained water is likely to limit its applicability in com-
mercial scale organic solar cell production.12 As such, an al-
ternative interface layer (IL) that is better suited to solution
based processing with improved resistance to oxidative deg-
radation and/or hydrolysis is urgently required. In this Letter,
we present zinc acetylacetonate (Zn(acac)2) as an interfacial
layer in NP organic photovoltaic (NPOPV) devices.
Zn(acac)2 shows great promise as a cathode interface precur-
sor, since it is solution processable and is readily converted
at low temperatures (120 C) to more stable zinc oxide
(ZnO) nanoparticles. However, this approach has yet to be
implemented in NPOPV devices. We show that a ZnO cath-
ode interface layer produced via a Zn(acac)2 precursor pro-
vides a similar improvement in device performance to that
provided by a calcium layer, whilst retaining the twin bene-
fits of increased stability and compatibility with reel-to-reel
coating techniques.
In order to determine whether the low temperature solu-
tion processed ZnO layer is a suitable replacement for Ca as
a device interfacial layer in NPOPVs, a series of devices
were fabricated and characterised.13 Figure 1(a) shows the
schematic architecture of these devices, which comprise a
P3HT:PCBM NP active layer, incorporating a thin IL of
ZnO or Ca underneath an Al cathode layer. Devices were
also studied with a bare Al cathode without any interface
layer.
A key difference between the cathode structures lies in
their electronic properties, which are illustrated in Figure
1(b). The work function for aluminium is commonly
reported to be 4.3 eV,14 but for NPOPV devices, residual
water in the active layer (which can be observed in the dif-
ferential scanning calorimetry of the NPs15) is likely to result
in oxidation of the aluminium cathode and the formation of
an interfacial oxide layer. The work function of a native
layer of aluminium oxide on aluminium has been reported to
be 3.8 eV;16 however, for hydroxylated alumina interfaces,
the work function rises to 4.3 eV.17,18 Consequently, in a
NPOPV device, both pristine and oxidised aluminium elec-
trodes will have similar work functions (4.2–4.3 eV),
although the series resistance (Rs) of the degraded cathode
will be higher.19
The work function for pristine calcium is 2.89 eV,20
whereas the work function of calcium oxide has been
reported as 1.69 eV.21 Thus, the driving force for electron
transport across a standard Ca/Al electrode in OPVs is not
dictated by the work function of the thin (20 nm) Ca layer.
Indeed, devices fabricated with a thick (>30 nm) Ca layer
protected by a thin Al coating show a considerable reduction
in performance due to the lower Ca work function dominat-
ing the interfacial energetics.20 Hence, calcium interfacial
layers are necessarily thin, since an incomplete layer is
required for optimal device performance (and thus the elec-
trode work function is not pinned to Ca/CaO). Furthermore,
although the CaO will have a higher resistivity than pristine
Ca,22,23 the incomplete/porous nature of the degraded Ca
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layer means that this will not dominate the overall Rs of the
device.24
By comparison, the work function of ZnO is 4.1 eV and
thus well suited for charge injection from PCBM and into
the Al cathode. Whilst UV treatment of such ZnO layers is
typically used to increase the conductivity of the layer (via
loss of O2
 radicals) and results in a decrease in work func-
tion of the ZnO layer from 4.2 eV to 3.7 eV, this decrease is
only temporary and does not determine the work function of
the interface.25 Therefore, the application of solution proc-
essed ZnO appears to be an attractive route for the replace-
ment of reactive Ca interfacial layers in NPOPV devices.
The use of a Zn(acac)2 precursor solution provides a ver-
satile method for producing ZnO NP layers in-situ via a low
temperature ligand exchange process and subsequent heat
treatment26 and thus is well-suited to printing-based fabrica-
tion. Figures 2(a) and 2(b) show the atomic force microscopy
(AFM) images of spin coated Zn(acac)2 precursor and ther-
mally converted ZnO NP films, respectively. From a particle
size analysis of the images (Figure 2(c)), we see that the mean
particle size in the precursor and ZnO films is 80–100 nm,
consistent with the previous reports.26 Furthermore, from
FIG. 1. (a) Device architecture of NPOPV devices, with a thin IL of ZnO or
Ca underneath an Al cathode. (b) Energy level diagram for the different
NPOPV device architectures.
FIG. 2. Atomic force microscope images of the Zn(acac)2 precursor film (a)
and thermally converted ZnO film (b). The contrast greyscale corresponds to
a maximum height difference of 200 nm in both cases. Panel (c) shows the
particle size distribution obtained from the AFM images of precursor (solid
blue circles) and the thermally converted ZnO (open red circles) films. A
dashed line has been added to guide the eye in both cases.
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Figure 2(b), it is clear that the ZnO films form a well packed
layer with a particle size that is about twice that of the
P3HT:PCBM NPs (30–40 nm).7
Table I shows the device parameters for the best devices
fabricated for the three cathode architectures.13 It is clear
from this data that the device with a Ca interfacial layer per-
forms better than that with a ZnO interfacial layer, with the
Al-only cathode performing worst. Furthermore, the differ-
ences in performance arise primarily from systematic
changes in Jsc and Voc.
Figure 3(a) shows the corresponding J-V curves for the
NPOPV devices with the three different cathode structures
and highlights that the major difference between the Ca/Al
and ZnO/Al devices lies in the Jsc value, which is higher for
the Ca/Al device. Figure 3(b) shows the external quantum ef-
ficiency (EQE) characteristics of the devices and reveals that,
while the Ca/Al and ZnO/Al devices exhibit near identical
profiles, the Al device displays an EQE spectrum that is sig-
nificantly different. Recent work by Gevaerts et al. has shown
that the shape of the EQE plot reflects the degree of vertical
phase segregation present in P3HT:PCBM devices.27 In par-
ticular, as the P3HT component becomes more segregated so
the EQE in the region of maximum P3HT absorption is
depressed (via a “filter effect”28). As shown in Figure 3(c),
the region of reduced EQE in the Al cathode device corre-
sponds to the absorption profile of the P3HT in the NP active
layer. Nicolaidis et al. have shown that the proportion of pho-
tocurrent generated by each component is directly reflected in
the EQE spectrum.29 Thermal annealing of P3HT:PCBM
bulk heterojunction devices is known to result in significant
changes to device morphology and, in particular, vertical
phase segregation of the components.30 As such, we speculate
that annealing of the Al cathode device results in some phase
segregation of the components in the P3HT:PCBM NP layer
producing regions of high purity P3HT in which photocurrent
generation is reduced. Furthermore, consistent with this hy-
pothesis, unannealed Al cathode devices measured for this
study exhibit higher Jsc values.
13 Interestingly, this phase seg-
regation does not appear to occur in the Ca/Al or the ZnO/Al
devices, suggesting that the free energies of interface forma-
tion driving diffusion of the components are significantly dif-
ferent to that of the Al cathode. Figure 3(d) shows the
variation in Jsc as a function of incident light intensity and by
fitting a power law relationship to the data, information relat-
ing to the space charge characteristics in the device can be
inferred.31 The exponent of the power law fits ranges from
0.77 to 0.80, close to the ideal value of 0.75 for a space
charge limited device.32 Thus, it would appear that regardless
of cathode structure, all of the NPOPV devices are
space-charge limited.
In summary, we have shown that using the low tempera-
ture Zn(acac)2 pathway results in a ZnO cathode interfacial
layer, which can replace conventional Ca layers with little or
no loss of NPOPV device performance. Indeed, these results
suggest that preformed and stable ZnO nanoparticle inks that
are used for reel-to-reel manufacture today33 are also likely
to function as buffer layers in NPOPV devices. Moreover,
TABLE I. Photovoltaic performance parameters measured for best annealed
P3HT:PCBM nanoparticulate devices with different cathode structures.
Cathode structure Voc (mV) Jsc (mA cm
2) FF g (%)
Al 336 1.52 0.369 0.188
ZnO/Al 434 2.25 0.359 0.351
Ca/Al 457 3.23 0.398 0.587
FIG. 3. (a) Current density versus voltage characteristics for devices with
Al (solid line), ZnO/Al (dashed line), and Ca/Al (dotted line) cathode struc-
tures. (b) External quantum efficiency versus wavelength for devices with
Al (solid line), ZnO/Al (dashed line), and Ca/Al (dotted line) cathode struc-
tures. (c) UV-vis absorbance spectrum for P3HT:PCBM NP film. (d) Short
circuit current density versus light intensity for devices with Al (solid line
and red triangles), ZnO/Al (dashed line and black circles), and Ca/Al (dot-
ted line and blue squares) cathode structures. The linear fits are
2:23 1020x0:797, 2:82 1020x0:800, and 9:20 1020x0:771 for the Al,
ZnO/Al, and Ca/Al cathode, respectively.
043902-3 Nicolaidis et al. Appl. Phys. Lett. 104, 043902 (2014)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  14.139.60.97
On: Tue, 21 Oct 2014 06:32:43
given that the devices presented in this work have been fabri-
cated and treated post-fabrication, using conditions which
are optimal for the Ca/Al cathode, means that considerable
improvement of the ZnO/Al cathode devices may be
expected through optimisation of this new architecture. This
observation, coupled with the advantageous low temperature
solution processability of the ZnO and the improved stability
of this layer to oxidative degradation, makes further investi-
gation of NPOPVs with ZnO/Al cathodes warranted.
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